Carbon Dioxide Capture from Natural Gas using Regenerable

Kaolin-Based Sorbents by unknown
 

` 
iii 
 
 
 
 
 
 
 
©  Qusay Y. Bkour 
 2014 
 
 
 
 
 
 
 
 
 
 
 
 
 
` 
iv 
 
DEDICATION  
 
This work is dedicated to my beloved parents and wife. 
 
 
` 
v 
 
 
 
` 
vi 
 
ACKNOWLEDGMENTS 
 
All praise due to Almighty Allah, Most Gracious and Most Merciful, for his immense 
beneficence and blessings. He bestowed upon me health, knowledge and patience to 
complete this work. May peace and blessings be upon prophet Muhammad (PBUH), His 
Family, His Companions, and those who follow Him.  
 Thereafter, acknowledgement is due to KFUPM for the support extended towards my 
research through its remarkable facilities and for granting me the opportunity to pursue 
graduate studies.  
I acknowledge, with deep gratitude and appreciation, the inspiration, encouragement, 
valuable time, patience, and continuous guidance given to me, pushing me to the front, 
and teaching me life skills by my thesis advisor, Dr. Reyad Awwad Alshawabkeh, His 
strong support and co-operation towards my this research during experiments was a boon 
to me. I am highly grateful and thankful to my thesis co-advisor Dr. Naim Faqir for his 
valuable guidance, suggestions and motivation. I extend my deep gratitude to my 
committee members: Dr. Mustafa Nasser, Dr. Usamah Al-Mubaiyedh and Dr. Adnan Al-
Amer for their constructive guidance and support. My sincere appreciation goes to the 
Chemical Engineering Department staff for their support. 
My heartfelt thanks are due to my beloved parents, wife, brothers, and friends for their 
prayers, guidance, and moral support throughout my academic life. My parents’ advice, 
to strive for excellence has made all this work possible.   
 
 
 
` 
vii 
 
TABLE OF CONTENTS 
 
DEDICATION…………………………………………………………………………..iv 
ACKNOWLEDGMENTS…………………………………………………………...….vi 
TABLE OF CONTENTS…………………………………………………………...….vii 
LIST OF TABLES…………………………………….…………………………………x 
LIST OF FIGURES……………………………………….…………………………….xi 
LIST OF ABBREVIATIONS……………………………….………………………...xiii 
ABSTRACT…………………………………………………….………………………xiv 
صخلم ةلاسرلا ……………………………………………………………………………..xvi 
CHAPTER 1 INTRODUCTION ................................................................................................. 1 
1.1 Greenhouse Gases (GHG) and Global Warming .................................................................................. 1 
1.2 CO2 as greenhouse gas ....................................................................................................................... 3 
1.3 Objectives of this work ....................................................................................................................... 5 
CHAPTER 2 LITERATURE REVIEW ..................................................................................... 6 
2.1 Absorption ......................................................................................................................................... 7 
2.2 Membrane Separation ....................................................................................................................... 9 
2.3 Cryogenic Separation ....................................................................................................................... 10 
2.4 Adsorption ....................................................................................................................................... 10 
2.4.1 Fundamentals of adsorption.......................................................................................................... 14 
2.4.2 Adsorption isotherms .................................................................................................................... 15 
2.4.3 Breakthrough curve ....................................................................................................................... 18 
2.4.4 Hydrothermal Synthesis ................................................................................................................ 20 
` 
viii 
 
CHAPTER 3 EXPERIMENTAL DESCRIPTION .................................................................. 24 
3.1 Materials....................................................................................................................................... 24 
3.2 Methods ....................................................................................................................................... 24 
3.3 Characterization ............................................................................................................................ 26 
3.3.1 Fourier transform infrared spectroscopy (FTIR) ........................................................................ 26 
3.3.2 X-ray diffraction spectroscopy (XRD) ........................................................................................ 27 
3.3.3 Scanning electron microscope (SEM) ........................................................................................ 27 
3.3.4 Energy dispersive X-ray analysis (EDX)...................................................................................... 27 
3.3.5 Brunauer-Emmett-Teller (BET) technique ................................................................................. 28 
3.4 Adsorption and desorption studies ............................................................................................... 28 
CHAPTER 4 RESUTLS AND DISCUSSION .......................................................................... 31 
4.1 Synthesis of product adsorbent .................................................................................................... 31 
4.2 Characterization ............................................................................................................................ 32 
4 .2.1 X-ray diffraction analysis (XRD) .................................................................................................... 32 
4.2.2 Energy dispersive X-ray (EDX) analysis........................................................................................... 35 
4.2.3 Brunauer-Emmett-Teller (BET) technique ...................................................................................... 36 
4.2.4 Pore Size Distribution .................................................................................................................... 41 
4.2.5 N2 adsorption/ desorption isotherm analysis ................................................................................ 43 
4.2.6 Barrett–Joyner–Halenda (BJH) adsorption ..................................................................................... 46 
4.2.7 Scanning Electron Microscopy (SEM) ............................................................................................. 47 
4.2.8 Fourier transform infrared spectroscopy (FTIR) ............................................................................. 49 
4.3 Breakthrough profiles ................................................................................................................... 50 
4.4 Adsorption capacity ...................................................................................................................... 54 
4.5 Regeneration and desorption results ............................................................................................ 56 
4.6 Effect of temperature ................................................................................................................... 60 
` 
ix 
 
4.7 Effect of initial concentration ........................................................................................................ 62 
4.8 Results of characterization of regenerated material ..................................................................... 63 
4.9 Effect of humidity ......................................................................................................................... 67 
CHAPTER 5 MATHEMATICAL IINTERPRETATION ...................................................... 70 
5.1 Breakthrough curve analysis ......................................................................................................... 70 
5.2 CO2 adsorption isotherm analysis ................................................................................................. 71 
5.3 Thermodynamic parameters ......................................................................................................... 74 
5.4 Fixed Bed Adsorption Column Modeling ....................................................................................... 77 
CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS ............................................. 81 
6.1 Conclusions ................................................................................................................................... 81 
6.2 Recommendations ........................................................................................................................ 85 
APPENDIX ................................................................................................................................. 86 
REFERENCES.......................................................................................................................... 101 
VITAE ....................................................................................................................................... 111 
 
 
 
  
` 
x 
 
LIST OF TABLES 
 
 
Table 1     Calculation of unit cell mass of Kaolinite [68]. ............................................... 13 
Table 2     Statistical analysis design of the experiment. .................................................. 25 
Table 3     Elemental analysis (Weight% (atomic %)) of synthesized adsorbent and raw    
kaolin by EDX. ............................................................................................... 35 
Table 4      Textural properties of kaolin adsorbent materials. ......................................... 38 
Table 5      IUPAC classification of pore sizes [60]. ........................................................ 42 
Table 6      BET and t-plot modelsurface area. ................................................................. 46 
Table 7      Adsorption capacities of CO2 for different adsorbents. ................................. 55 
Table 8      Statistical analysis of elemental data. ............................................................. 65 
Table 9      Elemental analysis from SEM results for sample after five cycles. ............... 66 
Table 10    Residence time calculations. ........................................................................... 98 
Table 11   Adsorption capacity calculations sample. ........................................................ 99 
 
 
 
 
 
 
 
 
 
 
 
 
 
` 
xi 
 
LIST OF FIGURES 
 
Figure 1  Global surface temperature. [46] ......................................................................... 2 
Figure 2  Total U.S greenhouse gas emissions by economic sector in 2011.[47] .............. 3 
Figure 3  Carbon dioxide concentration. [46] ..................................................................... 4 
Figure 4  Process technologies for CO2 capture. [49] ......................................................... 6 
Figure 5  Flow diagram of simplified MEA absorption process [8]. .................................. 9 
Figure 6  Morphology of Kaolinite crystal [68]. ............................................................... 13 
Figure 7  A typical breakthrough curve [69]. ................................................................... 19 
Figure 8  Reaction mechanism for zeolite synthesis from coal fly ash [88]. .................... 23 
Figure 9  The autoclave..................................................................................................... 26 
Figure 10  experiment setup. ............................................................................................. 30 
Figure 11  XRD spectrum for Kaolin. .............................................................................. 33 
Figure 12  XRD spectrum for limestone. .......................................................................... 34 
Figure 13  XRD spectrum for synthesized adsorbent. ...................................................... 34 
Figure 14  N2 adsorption/desorption isotherm for raw kaolin. ......................................... 39 
Figure 15  N2 adsorption/desorption isotherm for treated kaolin. .................................... 39 
Figure 16  N2 adsorption/desorption isotherm for limestone. .......................................... 40 
Figure 17  IUPAC classification for adsorption isotherm [59]. ........................................ 40 
Figure 18  pore size distribution for kaolin material. ........................................................ 42 
Figure 19  BET surface area linear plot fro trated kaolin. ................................................ 44 
Figure 20  Hakins and Jura t-plot of treated kaolin. ......................................................... 45 
Figure 21  BJH adsorption comulative pore volume for kaolin adsorbent and limestone.47 
Figure 22  SEM micrograph (a) 2kx magnification (b) 30kx magnification (c) 50kx 
magnification (d) 100kx magnification. ......................................................... 48 
Figure 23  FTIR spectra for treated and untreated Kaolin. ............................................... 50 
Figure 24  Breakthrough curve of treated kaolin at flow rate of 4 L/min, concentration of 
1630 ppm, and temperature of 25 C. ............................................................... 52 
Figure 25  Breakthrough curve of raw kaolin at flow rate of 4 L/min, concentration of 
1630 ppm and temperature of 25 C. ................................................................ 53 
Figure 26  Breakthrough curves of raw Kaolin and limestone at flow rate of 4 L/min and 
temperature of 25 
o
C. ...................................................................................... 53 
Figure 27  Complete breakthrough curve of treated Kaolinite at flow rate of 4 L/min, 
temperature of 25 
o
C. ...................................................................................... 54 
Figure 28  Adsorption curves of treated Kaolin after several regeneration cycles. .......... 57 
Figure 29  Effect of regeneration cycles on amount  of CO2 adsorbed . .......................... 58 
Figure 30  Effect of regeneration cycles on amount  of CO2 desorbed. ........................... 59 
Figure 31  Effect of regeneration cycles on amount  of CO2 adsorbed, desorbed, and 
reacted. ............................................................................................................ 60 
` 
xii 
 
Figure 32  Effect of temperature on the adsorption of treated kaolin. .............................. 62 
Figure 33  Effect of initial concentration on the adsorption of treated kaolin. ................. 63 
Figure 34  SEM micrographs of the treated sample after five cycles. .............................. 64 
Figure 35  Spectrum of x-rays for treated sample after five cycles. ................................. 65 
Figure 36  Breakthrough curve for treated kaolin at relative humidity of 63% and 20%. 68 
Figure 37  Adsorption capacity at different sets of humidity conditions. ......................... 69 
Figure 38  Definition of mean reciedence time on the breakthrough curve. .................... 71 
Figure 39  CO2 adsorption isotherm at 22 C. .................................................................... 72 
Figure 40  Linear form of BET isotherm for CO2 adsorption on treated kaolin at 22C. .. 73 
Figure 41  Fitting between experimental isotherm data and n-BET equation. ................. 73 
Figure 42  Relationship between equilibrium constant and temperature for treated kaolin.
 ......................................................................................................................... 75 
Figure 43  Experimental and dispersion model for CO2 adsorption ................................. 80 
Figure 44  CO2 uptake of treated kaolin (4 L/min, 19140 ppm, 20% RH,15 C). ............. 86 
Figure 45  CO2 uptake of treated kaolin (4 l/min, 18710 ppm, 20% RH,25 C). ............... 86 
Figure 46  CO2 uptake of treated kaolin (4 l/min, 18350 ppm, 20% RH,35 C). ............... 87 
Figure 47  CO2 uptake of treated kaolin (4 l/min, 18140 ppm, 20% RH,50 C). ............... 87 
Figure 48   CO2 uptake of treated kaolin (4 l/min, 18420 ppm, 20% RH,60 C)............... 88 
Figure 49  CO2 uptake of treated kaolin (4 l/min, 18710 ppm, 20% RH,70 C). ............... 88 
Figure 50  Adsorption-desorption curve for raw kaolin at %RH = Low, Conc= 1200ppm, 
flowrate= 4 L/min and Temp=25 C. ............................................................... 89 
Figure 51  Adsorption-desorption curve for raw limestone at %RH = Low, Conc= 
1200ppm, flowrate= 4 L/min and Temp=25 C. .............................................. 89 
Figure 52  Adsorption-desorption curve for treated kaolin at fresh regeneration cycle. .. 90 
Figure 53  Adsorption-desorption curve for treated kaolin at first regeneration cycle. .... 90 
Figure 54  Adsorption-desorption curve for treated kaolin at second regeneration cycle. 91 
Figure 55  Adsorption-desorption curve for treated kaolin at third regeneration cycle.... 91 
Figure 56  Adsorption-desorption curve for treated kaolin at fourth regeneration cycle. 92 
Figure 57  Adsorption-desorption curve for treated kaolin at fifth regeneration cycle. ... 92 
Figure 58  Adsorption-desorption curve for treated kaolin at low humidity. ................... 93 
Figure 59  Adsorption-desorption curve for treated kaolin at high humidity. .................. 93 
Figure 60  Adsorption-desorption curve for treated kaolin at 5 C. ................................... 94 
Figure 61  Adsorption-desorption curve for treated kaolin at 15 C. ................................. 94 
Figure 62  Adsorption-desorption curve for treated kaolin at 25 C. ................................. 95 
Figure 63  Adsorption-desorption curve for treated kaolin at 35 C. ................................. 95 
Figure 64  Adsorption-desorption curve for treated kaolin at 50 C. ................................. 96 
Figure 65  Adsorption-desorption curve for treated kaolin at 60 C. ................................. 96 
Figure 66  Adsorption-desorption curve for treated kaolin at 70 C. ................................. 97 
Figure 67  Experimental and dispersion model isotherm for CO2 adsorption (70 C). .... 100 
 
` 
xiii 
 
LIST OF ABBREVIATIONS 
 
GHG  :  Green House Gases 
MOF  :  Metal Organic Framework 
MEA  :     Monoethaneolamine  
TNT  :  Titanium Nanotube 
ZIF  :  Zeolitic Imidazolate Framework 
SAPO  :  Silica Alumino Phosphates  
AIPO  :  Alumino Phosphates  
MTZ  :  Mass Transfer Zone   
MRT  :  Mean Residence time 
PFR  :  Plug Flow Reactor  
        
 
 
 
  
` 
xiv 
 
ABSTRACT 
 
Full Name : [Qusay Yousef Ibrahim Bkour] 
Thesis Title : [Carbon Dioxide Capture from Natural Gas using Regenerable 
Kaolin-Based Sorbents] 
Major Field : [Chemical Engineering]  
Date of Degree : [December 2014]  
 
 
The increasing demand worldwide to capture CO2 from natural gas is forcing the industry 
to establish efficient and cost-effective approaches. In this work, a new aluminosilicates 
material was synthesized from kaolin clay and used for carbon dioxide capture from 
gases. This material was prepared by the hydrothermal reaction of kaolin and limestone 
with sodium hydroxide solution. Then it was characterized according to its crystalline 
phase. Several reaction conditions such as reaction temperature, pressure, kaolinite to 
limestone mass ratio and reaction time were investigated. It was found that by increasing 
the reaction temperature and pressure, the sodium hydroxide concentration has a 
noticeable effect on the formation of new aluminosilicate phases containing calcium and 
sodium in its structure. The produced sample was tested for its adsorption capacity 
against carbon dioxide from a gas stream. The adsorption/desorption breakthrough curves 
showed maximum saturation capacity of 4.7 mmol/g at a relative humidity of 55 %, and 
initial flow rate and concentration of CO2 of 4 L/min and 1630 ppm, respectively. 
Thermodynamic studies of adsorption of carbon dioxide on the new adsorbent surface 
were investigated. It was found that increasing the bed temperature increases the rate of 
adsorption, where an endothermic nature of interaction took place in the adsorption 
column. The heat of adsorption ∆H, Gibbs free energy ∆G, and change in entropy ∆S 
` 
xv 
 
were calculated to be 144 kJ/mol, -7.4 kJ/mol and 444 kJ/mol.K, respectively. The 
experimental data was fitted using the axial dispersion model to predict the rate of 
adsorption of CO2 by the obtained adsorbent. The effective diffusivity was calculated to 
be 2.8*10
-3
 cm
2
/s. The produced adsorbent was regenerated several times using NaOH 
solution. The adsorption capacity increased by increasing the NaOH concentration as a 
result of opening more mesopores on the adsorbent surface and more sodium oxides 
linked in the structure. 
This adsorbent is a low cost raw material and has a high adsorption capacity, which can 
be considered a cost effective sorbent for carbon dioxide removal from gas streams.  
Keywords: Adsorption, CO2 capture, Desorption, Regeneration, Kaolinite, adsorption 
capacity. 
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 ملخص الرسالة
 
  كورقصي يوسف ابراهيم ب :الاسم الكامل
 
 امتصاص ثاني اكسيد الكربون من الغاز الطبيعي باستخدام الكاولين :عنوان الرسالة
 
 الهندسة الكيميائية التخصص:
 
 2014 تشرين الثاني :تاريخ الدرجة العلمية
 
 طُاعّٛ يشاكم حذٔد انٗ ٚؤد٘ انز٘ الايش انكشبٌٕ اكسٛذ راَٙ غاص يٍ َسبّ عهٗ ٚحخٕ٘ انطبٛعٙ انغاص
 عٍ عباسِ انًادِ ْارِ ,كًٛٛائٛا ححضٛشْا حى 2OC نم tnebros ياطّ يٕاد اسخخذاو حى انبحذ ْزا فٙ .يخخهفّ
 انطبٛعٙ انغاص عٍ 2OC ال نفظم ٔفعانّ اقخظادّٚ يٕاد ْٔٙ ,كًٛٛائٛا انًعانجّ (كانَٕاٚج) الانًُٕٛو سهٛكاث
 انسطح، يساحت َاحّٛ يٍ فٛضٚائٛا ادِانً طفاث دساسّ حى انبحذ ْزا فٙ .فظهّ نٛخى 2OC ال يع حخفاعم آَا حٛذ
 حشاكٛض باسخخذاو 2OC ال ايخظاص عهٗ انًادِ فحض حى رنك بعذ .انسطح ٔخظائض ,انًسًاياث حجى حٕصٚع
 انذساسّ ْزِ .انُخٛشٔجٍٛ غاص ال باسخخذاو انًادِ عٍ2OC ال فض عًهٛت دساسع حى ٔاٚضا .2OC ال يٍ يخخهفّ
 ْزِ عهٗ 2OC نم الايخظاطّٛ انقذسِ دقٛقّ/نخش 4 نهغاص جشٚاٌ شعتٔس انجٕ حشاسِ دسجت عهٗ اَّ اظٓشث
 ٔاٚضا حعخبش يُافسّ عهٗ انشغى يٍ قهت يساحت سطحٓا  الاخشٖ بهًٕاد يقاسَتٔ  (غشاو/يٕل يم 97.2 )ْٙ انًادِ
 ٔاقخظادّٚ سٓهّ انًادِ حجذٚذ اعادة عًهٛت آَا حٛذ يشِ يٍ اكزش اسخخذايٓا ًٚكٍ انًادِ ْزِ اٌ انذساسّ اظٓشث
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 صادث يشاث 5 ب اسخخذايٓا بعذ حٛذ نهًادِ انكًٛٛاّٚ انخشكٛبّ حغٛش آَا حٛذ الايخظاطّٛ انقذسِ يٍ حضٚذ ٔاحٛاَا
 .انضعف انٗ الايخظاطّٛ انقذسِ
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1 CHAPTER 1 
INTRODUCTION 
 
 
1.1 Greenhouse Gases (GHG) and Global Warming  
Even since the industrial revolution recorded the highest rate in the 19th century, 
increasing amounts of fossil fuels like oil, coal, and natural gas have been burned in 
different industrial sectors as manufacturing and electricity power generation plants.  
When fossil fuels are burned, greenhouse gases are released which cause global warming. 
When the sun's energy falls on the atmosphere, the ozone layer screens out the 
ultraviolent high frequency light and the visible light is transmitted to the earth. Part of 
this light is reflected back and the other part is absorbed as thermal energy by the earth. It 
is transferred as infrared long wavelength radiation using the gases present in the 
atmosphere, mainly carbon dioxide, water vapor, sulfur oxides, nitrogen oxides, hydrogen 
sulfide and methane. These gases are called greenhouse gases because they absorb the 
infrared radiation and hold it within the atmosphere, this leads to an increase in the global 
surface temperature.  
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Several studies have showed that the average global surface temperature has increased by 
0.6-0.9 
o
C in the last 150 years and the rate of increase has doubled in last 50 years 
(Figure 1) [42]. The global warming has caused increases in melting of iceberg, raising 
the sea level, and inducing flooding in low lying areas [43] [44] [45]. 
 
Figure 1 Global surface temperature. [46] 
 
Human activities are the major sources of most of the greenhouse gases in the 
atmosphere, these activities are mainly burning of fossil fuels [45]. As shown in figure 2, 
the transportation, electricity generation and industry are the major greenhouse emission 
contributors with 28% and 33% and 20% respectively of the total emissions in US in 2011 
[47, 48].  
There are many of studies that aim to reduce greenhouse gases by improving energy 
efficiency, utilizing the non-carbon sources of energy, and CO2 capture and sequestration. 
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Figure 2 Total U.S greenhouse gas emissions by economic sector in 2011.[47] 
 
1.2 CO2 as greenhouse gas 
Carbon dioxide (CO2) is the major causative of the global warming phenomena among the 
greenhouses gases as it contributes about 60% to global warming [1]. As shown in figure 
3, the CO2 growth rate increased from less than 1 ppm/yr in 1960s to more than 2 ppm/yr 
in recent years [2]. Consequently, the atmospheric level of CO2 rose from 315 ppm in 
1985 to 399 in 2014 [3]. The Intergovernmental Panel on Climate Change (IPCC) 
expected that the CO2 concentration will rise from 500 up to 1000 ppm by the year 2100 
[4]. 
The rising level of CO2 is already affecting the sea level, atmosphere, and ecological 
systems. The global sea level has risen by 130 m over the last 22,000 years, and 10 to 20 
Transportation
Industry
Electricity
Agriculture
Commercial and
Residential
` 
4 
 
cm over the past century with rate of 1.7 mm yr
-1
, which would results from melting of 
the ice caps [44].  
 Therefore, it is important to establish efficient approaches to capture the CO2 from post 
combustion effluents before direct sequestration since about 30% of CO2 is generated by 
combustion of fossil fuels [5]. Natural gas accounts for the emission of large quantities of 
CO2. The global emission of CO2 from natural gas was 53.1 kg CO2 per million Btu, 
while coal and oil produced 95.3 and 71.3 kg CO2 per million Btu [84].    
 
 
Figure 3 Carbon dioxide concentration. [46] 
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1.3 Objectives of this work 
1. The main objective of this work is to synthesize a novel, cost effective and high 
adsorption capacity sorbent from natural Kaolin and limestone to be used for CO2 
removal from gas stream. 
2. The obtained adsorbent is characterized according to its surface area and morphology 
using BET, XRD, SEM, EDX and FTIR.  
3. Study the adsorption capacity and kinetics of CO2 by the synthesized material at 
different operation conditions such as temperature, flow rate, initial concentration, and 
humidity. 
4. Study the desorption and regeneration capacity, and hence the adsorbent activity.  
5. Develop a kinetic model that simulates the rate of adsorption at different operation 
temperatures.  
This literature survey pertaining to this work is presented in chapter 2. Experimental 
methods and procedures are shown in chapter 3. The results and discussion section is 
covered in chapter 4. The mathematical interpretation is shown in chapter 5. Finally, 
chapter 6 lists the conclusions and recommendations points.    
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2 CHAPTER 2 
LITERATURE REVIEW 
There are numerous techniques that can be used for post combustion and natural gas 
separation and capture; absorption, cryogenic separation, membrane separation, micro 
algal, bio fixation and adsorption [6]. Figure 4 summarizes these techniques. 
 
Figure 4 Process technologies for CO2 capture. [49] 
CO2 Separation Technologies 
Microbial 
Systems 
Membranes 
Gas Separation 
-Polyphenylenoxide 
-Polydimethylsiloxane 
Gas Absorption 
-Polypropylene 
Cryogenics Adsorption 
Adsorber Beds: 
-Alumina 
-Zeolites 
-Activated carbon 
-MOFs 
Regeneration Methods 
-Pressure Swing 
-Tempersture Swing 
-Washing 
Absorption 
Chemical 
-MEA 
-Ammonia 
-KS-1 and KS-2 
-Others 
Physical  
-Selexol 
-Rectisol 
-Others 
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2.1 Absorption 
Gas absorption using amine solutions has been used for CO2 scrubbing on industrial scale 
for decades. Chemical absorption is an amine based process involving the reaction of CO2 
with amine compounds such as monoethanolamine (MEA), diethanolamine (DEA), 
diethyleneglycol (DEG) or triethyleneglycol (TEG) [14, 12]. Monoethaneolamine (MEA) 
has been widely used for CO2 separation in natural gas industries for decades, and 
produced relatively pure CO2. There were several works reported for capturing CO2 using 
chemical absorption. Kvamsdal et al. [8] in figure 5 showed the conventional MEA 
absorption process, where two columns were used; the absorber and stripper column, the 
flue gas enters counter currently with MEA that absorbs the CO2 and the effluent solution 
is treated in the stripper using steam generated from the power plant. CO2 is collected 
from the top of the columns to be used as a chemical or fuel feedstock. Some researchers 
have developed a dynamic model of the CO2 absorber of chemical absorption plant [9, 
10]. Wanga et al. [7] studied CO2 capture with alkanolamine solutions such as, MEA 
solvent. They tried to predict future challenges and potential developments. Tong et al. 
[85] studied the solubility of CO2 in blends of 2-amino-2-methyl-1-propanol (AMP) and 
piperazine (PZ). They found that the PZ+AMP blends have CO2 absorption capacities 
about 12.5% smaller than the aqueous AMP solution without PZ. Kim et al. [86] 
investigated the effect of polyamines containing multiple amino groups in their structure 
on the CO2 absorption capacity and heat of absorption, they found that these aqueous 
solutions such as tetraethylenepentamine (TEPA), diethylenetriamine (DETA), 
triethylenetetramine (TETA), and EDA showed better absorption capacity than that of 
MEA due to the increased number of amino groups that can react with CO2. Yamini et al. 
` 
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[87] synthesized amino acid anion based ionic liquids; they found that amino acid anion - 
ionic liquids showed 70% more CO2 absorption capacity than primary amine-cation ionic 
liquids. 
There are many disadvantages associated with the absorption process including 
operational problems such as solvent degradation and corrosion of the equipment. Also 
the regeneration process of the solvent requires a high amount of energy, thus the 
operational cost of the process using MEA is high [11].  
The chemical absorption is limited to low pressure gas streams (between 3%-25%), so 
physical absorption can be used for the high pressure feed or high CO2 content. It depends 
on Henry's law which requires the CO2 loading capacity of the solvent is higher at high 
CO2 partial pressures [12]. The typical solvents are Selexol, Rectisol (cold methanol), and 
n-alkane [14, 12]. The regeneration in physical absorption is appropriated by heating or 
pressure reduction using flash units, so it requires relatively little energy [13]. The 
physical absorption process is limited for CO2 rich gas streams or high CO2 pressure. 
` 
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Figure 5 Flow diagram of simplified MEA absorption process [8]. 
 
 
2.2 Membrane Separation 
Membrane separation is a newly developed process which depends on the utilization of 
thin polymeric films that provide selectivity to permeate specific gases based on their 
molecular sizes. The difference in partial pressure of the compound in both sides of 
membrane is the driving force for the penetration of the compounds through the 
membrane. There are a number of advantages of this method. For example, there is no 
corrosion associated with the presence of aqueous solution, thus low level of maintenance 
is required. Also there is no phase change or need for a regeneration step like the 
absorption method because of the absence of chemicals, so it requires low thermal energy 
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[13]. However, there might be a decline in the membrane performance due to natural gas 
contaminants [12].                                                                                                  
When the partial pressure of CO2 is low, the driving force for separation of the gas is low, 
so a solvent can be used with the membrane, where the membrane maintains the surface 
area between the liquid solvent and gas phase. The CO2 diffuses first through the pores of 
membrane, and then it is adsorbed. This method solves flow problems in traditional 
absorption like channeling and foaming. 
2.3 Cryogenic Separation 
CO2 can be captured without any absorption solvents and at atmospheric pressure using 
the cryogenic separation approach. This technology is based on the fact that CO2 liquefies 
at low temperatures, since CO2 condenses at -56.6 
o
C at 1 atm [14]. When the mixture 
gases is cooled, the CO2 and water freeze forming hydrates which are ice crystals with 
trapped CO2 while other gases are released. The problem of this process is the relatively 
high cost of cooling. 
2.4 Adsorption  
Adsorption is a promising technology for CO2 separation. Over other methods that are 
used for CO2 capture and separation, adsorption is a more economical, naturally occurring 
and easier one. Several types of adsorbents can be used for removal of CO2 from gas 
stream. These include physical adsorbents such as activated carbonaceous materials, 
aluminasilicates (zeolites, alumino-silico-phosphates SAPOs, and alumino-phosphates 
AlPOs), and Metal organic frameworks MOFs, and may include chemical adsorbents such 
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as amine groups into mesoporous silica. Suitable adsorbents for CO2 separation should 
combine several aspects, including high CO2 adsorption capacity, high CO2 selectivity, 
fast kinetics, mild conditions for regeneration, low cost, tolerance to the presence of 
moisture and impurities in the feed, and the stability during extensive 
adsorption/desorption cycling.  Several research efforts were focused on developing the 
existing materials or synthesis new ones. Konduru et al. [23] used Zeolite 13X with 1.77 
mmol/g adsorption capacity. Other Zeoilites types used such as Zeolite T [24], NaZSM-5 
[25], MWW zeotype [26], silica-alumino-phosphates (SAPO) and Alumino-phosphates 
(AlPO) [27].  Zhang et al. [28] found that the adsorption capacity for CO2 on modified 
activated carbon was 2.92 mmol/g at 1 atm and 298 K.  Xin et al. [15] studied the photo-
catalytic reduction of CO2 to methanol CH3OH using titanium nanotube (TNT) modified 
with CdS and Bi2S3  metals to improve the rate of visible light adsorbed. This TNT 
demonstrated low price, high surface area, 3-D regular structure, and hydrophilic 
behavior. It was found that the modified TNT decreased the surface area and capacity of 
CO2 adsorption (0.269 mmol/g TNT at 1 atm and 298K) where the adsorption is a 
favorable physical process, however, photo-catalytic activity increased. The metal organic 
frameworks (MOF) are a class of new adsorbents that have extra high surface area, 
natural porous [16], high thermal stability and ordered structure [17]. Andrew et al. [18] 
studied the adsorption of CO2 on MOF-177; he found that the adsorption capacity of CO2 
was 34mmol/g (1496 mg/g) at 43bar. Llewellyn et al. [19] studied the adsorption of CO2 
over novel mesoporous MIL-100 and MIL-101. They were formed from rigid carboxylate 
ligands and trimmers of chromium octahedral. It was found that MIL-100 and MIL-101 
recorded an adsorption capacity of 18 and 40 mmol/g respectively at 304 K and 50 bar.  
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Hideki et al. [20] identified new organic frameworks called zeolitic imidazolate 
frameworks (ZIFs) that have high thermal and chemical stabilities. Banerjee et al. [21] 
found that the adsorption capacity of CO2 on ZIF-69 was 209.8 mg/g at 1 bar and 273 K. 
Zhijuan et al. [22] studied the performance of ZIF-8, modified by using ammonia 
impregnation towards CO2, and found that its capacity was 330 mg/g at 298K and 25 bar, 
the increase of the capacity was because of basic sites.  
However, there are many of drawbacks of using of MOFs for CO2 separation; these 
materials are expensive and most of the MOFs show unfavorable adsorption isotherms in 
the low pressure range. It adsorbs considerable amounts of CO2, affecting the CO2 
selectivity and it shows hydrothermal instability.                                                                                                                    
Kaolinite can be used as an adsorbent after modification. The layer of the Kaolinite 
consists of an alumina octahedral sheet and a silica tetrahedral sheet that share a common 
plane of oxygen atoms and repeated layers of the mineral are hydrogen bonded together 
[67]. The unit formula of Kaolinite is: Si4 O10 Al4 (OH)8 [68]. Table 1 shows the 
calculation of unit cell mass of Kaolinite. The crystal shape of the Kaolinite is shown in 
figure 6. Table 8 shows the adsorption capacities for different adsorbents that have been 
used in the literature. 
 
3  
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Figure 6 Morphology of Kaolinite crystal [68]. 
 
 
 
 
Table 1 Calculation of unit cell mass of Kaolinite [68]. 
Element Mass Stoich. coef 
Si 28.09 
 
4 
Al 26.98 4 
Mg 24.3 
 
10.57 
O 16 18 
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2.4.1 Fundamentals of adsorption 
Adsorption can be classified into two types; chemical adsorption (chemisorption) or 
physical adsorption (physisorption) based on the type of attraction forces between 
adsorbate and adsorbent. The concept of physisorption refers to the adsorption of 
molecules on the solid surface without presence of chemical reactions or catalysis. This 
type of the adsorption is preferred because of its simplicity and its industrial applications, 
and moreover, it can be studied based on proven macroscopic experiments without 
needing more conjecture. Adsorption equilibrium is the dynamic equilibrium between the 
number of the molecules adsorbed and the others desorbed within a certain time interval 
(i.e. there is a match between molecules flow to and from the surface). The fluid phases 
that its molecules are intermingling with the surface atoms of a solid phase are called 
adsorptive, while the solid phase with external and internal surfaces are called adsorbents. 
The strength or interaction energy can be used to distinguish between physisorption, 
physico-chemical adsorption and chemisorption phenomena. The forces in physisorption 
phenomena are van der Waals and/or dispersion forces in which adsorbed molecules are 
weakly bound. The interaction energy between admolecules and the sorbent atoms or 
molecules are strong in chemisorption because they are subject to chemical reaction 
where the character of their electrons shells change. The adsorbed molecules in 
physisorption system can be desorbed by either increasing temperature or lowering the 
sorptive gas pressure, while they cannot reversibly be desorbed in chemisorption where 
the kinetics are slow. In physico-chemical adsorption the interactions are weak but there 
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are catalytic properties of the sorbent that make strong associations between adsorbed 
molecules and sorbents. 
2.4.2 Adsorption isotherms  
The adsorption isotherms are used to present the equilibrium between molecules in the 
gas phase and those adsorbed on the active sites of the solid adsorbent. The Langmuir or 
Freundlich relationships are the most isotherms used in the literature. Langmuir assumes 
that the adsorbed species form the monolayer on the surface of the adsorbent (each site 
hold only one adsorbed species), and the uniform energy of adsorption (so same 
probability adsorption on all sites) [64].  
The Langmuir isotherm can be derived based on the equilibrium conditions between the 
adsorbed molecules and the desorbed on the surface according: 
The adsorption process can be represented by the following equation: 
        
Where S: the vacant surface sites, A: fluid phase molecules,  and SA: occupied surface 
sites. 
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Rate of forward reaction Rf, and the rate of backward reaction Rb can be illustrated by: 
      [ ][ ] 
      [  ] 
An equilibrium constant K can be written as: 
   
  
  
 
[  ]
[ ][ ]
 
   
  
  
 
 
(   ) 
 
Where Ө is the fraction of the surface sites occupied, and it value ranged from 0 to 1. 
Writing the equation in term of Ө: 
   
    
       
 
Dividing the numerator and denominator by   : 
   
   
     
 
The Ө can be replaced with   /  , where    is the amount of the gas adsorbed at 
equilibrium,    is amount of gas adsorbed at high pressure to cover the surface with 
monolayer molecules. 
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Where Ce is the concentration of species at equilibrium (mg/ dm
3
), qm is the quantity of 
metal ions needed for forming a monolayer on the surface of the adsorbent (mg /g), K the 
Langmuir constant of equilibrium.  
If the experimental data is available, the constants can be obtained by linearization of the 
Langmuir isotherm: 
 
  
 
 
  
 
 
    
 
The Langmuir isotherm has a number of limitations, for example, it is applicable for 
monolayer adsorption at low pressure and high temperature, when the temperature is 
lowered and the pressure is increased additional layers are formed.  
Freundlish isotherm equation is used to describe the adsorption on heterogeneous 
surfaces. It can be derived based on first order kinetics equation: 
   
   
     
Where K is the first order rate constant and C is the concentration as function of time. 
In general the rate law can be written as: 
   
   
    
  
Where Kf is the forward rate coefficient.  
Writing the forward and backward reaction: 
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At equilibrium the equation can be solved for S as: 
  (
  
  
)            
This leads to Freundlish equation with K= 
  
  
 and b=       : 
       
Where S is the amount adsorbed. 
When there is a chemical interaction between the adsorbed molecules and the surface, 
Langmuir and Freundlish models may not fit the experimental data adequately. Hence, 
Shawabkek-Tutunji [66] isotherm correlation was developed to account for chemical 
interaction of adsorbed molecules with adsorbent surface as: 
      (      
 ) 
Where: 
  
    
      
  
The linear form of the equation: 
   (  
  
    
)              
2.4.3 Breakthrough curve 
A breakthrough curve is used to characterize the rate of adsorption with time. It represents 
the concentration of the adsorbate at the exit of the adsorption bed as a function of time 
(Figure 7).  
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Figure 7 A typical breakthrough curve [69]. 
 
Initially, the relative concentration is zero because all molecules are adsorbed on the 
column until it reaches tb at Cout/CF = 0.05 where the adsorbent starts to get saturated with 
the adsorbate. At time ts (Cout/CF = 0.95) the adsorbent is almost completely saturated, so 
the outlet concentration equals the initial concentration and any adsorbate which enters 
the column will pass without being adsorbed.  
The area between tb and ts is the mass transfer zone. A Sharp breakthrough curve and long 
adsorption time tb are desirable to have good separation [69].  
Different parameters affect the shape of breakeven curve for adsorption of gas in packed 
column such as flow rate, bed height, and void fraction of bed. About the effect of the bed 
height on the shape of breakthrough curve, when the bed height is increased, the mass 
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transfer zone becomes broader and the breakthrough time is increased because of 
increasing the adsorbent loading and the length of the diffusion path. Moreover, by 
increasing the gas flow rate through the adsorption column at a constant height bed, the 
breakthrough time decreases [70].  
The bed void fraction, which is the ratio between the free volumes in the column to the 
total volume of column, depends on the geometry of adsorbent materials. By increasing 
the void fraction at the same mass of adsorbent, the mass transfer zone becomes broader 
because of the longer diffusion path length. Small pellet diameter generates a steep slope 
breakthrough curve due to negligible diffusion and mass transfer in the bed [70]. 
2.4.4 Hydrothermal Synthesis  
Hydrothermal synthesis is related to the synthesis of materials that have characteristic 3D 
framework with sequences of tetrahedron XO4, where X is silicon, aluminum, etc. Sodium 
hydroxide as a high alkaline solvent is incorporated into source material rich in Al2O3 and 
SiO2 as source of the sodium. The detailed mechanism of the hydrothermal reaction is still 
not clear. However some researchers have been trying to investigate the general 
mechanism. Murayama et al. [88] clarified the mechanism of the hydrothermal reaction 
for zeolite synthesis from coal fly ash in various alkali solutions. He investigated three 
steps for hydrothermal reaction of zeolite synthesis; first step is the dissolution of the Al 
and Si in the ash by OH- and keep them in the alkali solution, Second step is the 
formation of the aluminosilicate gel by condensation or gelation of aluminate and silicate 
ions that react with each other in alkali solution, third step is the crystallization of 
aluminosilicate gel to form zeolite structure, after deposition of the gel on the particle 
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surface as big flake. Na
+
 in alkali solution has a role of crystallization of zeolite. The 
change of Al
+3
 and Si
+4
 concentration in liquid phase during the hydrothermal reaction is 
also studied by Murayama, at the beginning of the heating stage the Al rapidly increases 
and then decreases in the temperature rising stage because of the consumption of 
aluminate ion during condensation reaction of an aluminosilicate gel, while Si is dissolved 
with time with linear relation in the temperature rising stage. Si and Al ingredients are not 
consumed when aluminate ions are completely consumed in an alkali solution (Figure 8). 
Franus [89] studied the transformation of coal fly ash to X- type zeolite using two types of 
synthesis; low temperature and hydrothermal synthesis. Zeolitic material with rich Na-X 
phase was yielded by alkaline reaction of fly ash with NaOH. He frond that the BET 
surface area of Na-X formed by hydrothermal reaction is five times higher (332.5 m2/g) 
than that formed by low temperature reaction (73 m2/g). Also the ratios of Si/Al were 1.2 
and 1.04 for Na-X obtained by hydrothermal and low temperature reaction respectively. 
The amount of zeolitic phase rich in Na-X was from 55 to 60% from total reaction 
products in hydrothermal reaction, whereas from 42 to 55% in low temperature reaction.  
The synthesis of the kaolinite with elements substituted for Al has been studied by several 
researchers. Bentabol et al. [90] studied the transformation of kaolinite within range of PH 
values, variable run times, and temperature range of 200 to 400 in solution containing 
variables amount of Na, K, Li and Mg. They found that Mg
+2
 cation in Mg(OH)2 
substitute for Al
+3
 in the kaolinite. Co–kaolinite and Al–Co–serpentine were 
hydrothermally synthesized at 200 °C by mixing the kaolinite with Co(OH)2 forming 
CoO–Al2O3–SiO2–H2O [91]. In this work, Ca-kaolinite was synthesized by reaction of 
NaOH with mixing of kaolin and limestone under hydrothermal conditions, where the 
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solution was placed in the autoclave at a range of 200 
o
C and pressure of 15 bar to avoid 
evaporation from the solution. The sample is further calcinated or thermal activated at 550 
0
C to form spinal of Si and Al oxides. 
Some reports discussed the substitution of Mg, Fe, Mn and Co. Bentabol et al. [90] 
synthesized Mg and Mg-Ni kaolinite under hydrothermal conditions. They also studied 
Co-kaolinite at 200
0
C. Peter et al [94] studied the formation of Gehlenite (Ca2SiAl2O7) 
from the mixture of kaolinite and calcite according to the following equation: 
                                                    
Kerfa et al [95] studied the Gehlenite crystallization from calcium and metakaolinite, 
under the reaction: 
Al2Si2O7 + (2+n) CaCO3→   Ca2Al2SiO7+nCaOSiO2 
Stilbite is a natural zeolite has a chemical composition of (Na Ca4 (Si27Al9) O72·30H2O). 
Hua et al. [96] studied the characterization of geopolymers formed from Stillbite/kaolinite 
mixtures, they found that Stilbite contains 7.56 mass % of CaO.  
Seliem et al. [103] showed the SEM image for Mn-kaolinite that synthesized 
hydrothermally, the sample showed needle like morphology at 150 
0
C, and the particles 
were well defined.  
Kallai et al. [104] showed the SEM for samples were formed from the reaction of 
kaolinite and metakaolinite with NaOH, the untreated kaolinite sample showed undefined 
aggregates with lower Na content, and treated kaolinite sample showed well developed 
cubes related to zeolite A. 
` 
23 
 
Rios et al. [106] studied the synthesis of zeolites by hydrothermal transformation of 
kaolinite, kaolinite sample showed platy morphology and hexagonal outlines, while 
zeolitic materal that obtained after hydrothermal reaction showed a mainly lephispheric 
morphology.   
    
                   
 
Figure 8 Reaction mechanism for zeolite synthesis from coal fly ash [88]. 
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CHAPTER 3 
EXPERIMENTAL DESCRIPTION 
The Fixed bed absorber is the main tool that is used to assess the CO2 from natural gas 
capturing using regenerable Kaolin – based sorbents. This chapter describes the fixed bed 
absorber, experimental procedures and techniques that are used in this research study, and 
the properties and synthesis of the Kaolin – based sorbent materials. More than one 
technique was used to characterize the sorbent materials; Fourier transform infrared 
(FTIR) spectroscopy, Scanning electron microscopy (SEM), X-Ray diffraction (XRD), 
Energy dispersive X-ray analysis (EDX), and Brunauer, Emmett, and Teller Surface area 
test (BET). This chapter also discusses some calculations that were used to support the 
conclusions.   
3.1 Materials  
The raw materials used for synthesis of CO2 adsorbent are Kaolinite and limestone. They 
were supplied from Riyadh area- Saudi Arabia. Carbon dioxide and nitrogen gas cylinders 
were supplied by Saudi gas industries. The purity of CO2 was 99.99% of CO2 with 20 ppm 
of moisture. 
3.2 Methods 
The adsorbent material was synthesized using chemical and thermal treatment of kaolin 
clay, and limestone. Firstly, the raw limestone and natural kaolin were pulverized and 
screened to get powdered materials.  
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After that, a solid mixture of powder limestone and kaolin was dissolved in NaOH 
solution, and agitated isothermally (22 
o
C) for 90 min. The mixture was placed in 500 ml 
closed vessel and kept under isothermal and isobaric conditions at different temperature 
and pressure values for 6 h, and then cooled to room temperature. The mixture was then 
calcinated in a muffle furnace at 550 
o
C for 5 hours. The calcinated material was screened 
to get different size distribution of the produced adsorbent and stored in caped flasks for 
further uses. The synthesis parameters such as kaolin/limestone (K/L) mass ratio, NaOH 
concentration, solution temperature, and reaction pressure were varied according to full 
statistical analysis design of experiment as shown in table 2. 
 
Table 2  Statistical analysis design of the experiment. 
Variations Lower limit Upper limit 
Kaolinite/Limestone 
(g/g)  
0 
 
3 
[NaOH] (g/100 ml) 0 36 
T (
o
C)  
25 
 
 
225 
P (bar) 0 15 
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Figure 9 The autoclave. 
 
3.3 Characterization 
3.3.1 Fourier transform infrared spectroscopy (FTIR)   
The Fourier transform infrared spectroscopy (FTIR) is used to identify functional groups 
on the surface of particles. The infrared spectra of the sample were recorded using FPC 
FTIR Perkin-Elmer spectrophotometer. A mass of 1.5 mg of the sample was mixed with 1 
g of KBr powder and pressed hydraulically to obtain the transparent disk. The disk was 
then dried in an oven for 2h at 110 
o
C to remove any water vapor. Transmission mode was 
applied to take the FTIR spectra.  
The IR spectrum signifies an identity verification of sample with peaks that represent the 
vibrations frequencies between the bonds of the atoms in the material.  
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It provides information about the qualitative analysis and quantitative analysis of 
materials present based on the size of the spectrum peaks.  
3.3.2 X-ray diffraction spectroscopy (XRD)   
The phase identification and crystallinity of the adsorbent was determined using X-ray 
diffractometer. The diffraction patterns (XRD) were collected using D/tex Ultra powder 
diffractometer using Ni-filtered Cu K α radiation source at 40 mA and 40 mV for 1 hour 
to record the 2 theta diffraction from 0
o
 to 80
o 
, the identification of the phase present was 
done using high score plus software. XRD experiment was done by mounting the sample 
on the sample holder and it was flushed with the surface of the holder, then the desired slit 
width (1mm) was loaded with the beveled edge down.  
3.3.3 Scanning electron microscope (SEM)   
The scanning electron microscope was used to determine the morphology and qualities 
characteristic of the adsorbent sample using JEOL, model JSM 6400. Adsorbent sample 
was coated with carbon to make it a conductive surface and fixed with double side 
masking type. The sample was viewed on FE-SEM to get information about the surface 
topography of the sample.  
3.3.4 Energy dispersive X-ray analysis (EDX)  
The energy dispersive X-ray (EDX) was used to determine the chemical composition of 
the synthesized adsorbent material using OXFORD instrument. The sample was placed in 
the holder in the way where the flat edge of the mount was against the flat area of the 
stage. The data was obtained using INGA software. EDX is a fast, non-destructive 
analysis and it can be used for a range of elements. 
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3.3.5 Brunauer-Emmett-Teller (BET) technique 
The Brunauer-Emmett-Teller (BET) technique is used to calculate the specific surface 
area, micropores area and micropores volume distribution. Liquid nitrogen adsorption was 
conducted at 77 K using micrometric 2020 to obtain the adsorption isotherm of the 
sample. A sample of 0.3 g was pulverized and dried very well at 150 
o
C and then 
degassed for 6h under vacuum.  
 
3.4 Adsorption and desorption studies  
The setup for adsorption/desorption experiment is shown in Figure (10). It is composed of 
adsorption column made from a jacketed glass (20 cm, 1 cm ID, and 1.2 cm OD). The 
column was filled with 10 g of sorbents and glycerol/water solution was circulated to 
maintain the isothermal conditions. Pure N2 was mixed with pure CO2 at different volume 
ratios and introduced into the column. The flow rates of gas mixture were controlled using 
two mass flow controllers (Matheson, model 8200). The effluent gas stream was 
monitored continuously using a gas detector. In a typical run, N2 was initially introduced 
to the column to free the surface of the adsorbent material, and then CO2/N2 gas mixture 
was allowed to pass over saturated water at 60 
0
C to gain the desired humidity. Then the 
gas mixture was introduced to the column. The experiments were repeated for different 
flow rates, CO2 concentration, temperatures, and humidity values. The desorption 
experiments were repeated in similar manner but only N2 gas was introduced instead of 
CO2/N2 mixture.  
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The breakthrough curve is a vital factor that represents the working capacity. The CO2 
adsorption capacity ( mmol CO2/g sorbent) was determined by integrating the area above 
the CO2 breakthrough curve. The adsorption capacity values were calculated using this 
relation: 
  
     
 
 
Where C0 is the feed concentration of CO2 (mg/l), m is the mass of treated kaolin 
adsorbent loaded in the column (g), and tq is the stoichiometric time that is calculated 
from the breakthrough data (min) according to this equation [73]: 
   ∫ (  
 ( )
  
)  
 
 
 
Where C(t) and C0 are the concentration of CO2 at the outlet and inlet of the column 
respectively. 
Also the adsorption capacity for the produced samples was measured using Rubotherm's 
high pressure TGA. Pure CO2 gas is allowed to be introduced at room temperature and the 
weight of the adsorbent was recorded at different dosing pressure.   
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Figure 10 experiment setup. 
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CHAPTER 4 
RESUTLS AND DISCUSSION 
4.1 Synthesis of product adsorbent 
 
The product adsorbent that has general structure of Ca-Na-SiO2-Al2O2 was obtained by 
treating mixtures of minerals by heating and calcination. Synthesis methodology is 
focused on so called "hydrothermal synthesis" or "activation‖ in closed system for 
solutions of NaOH. This process is related to the synthesis of materials that have 
characteristic 3D framework with sequences of tetrahedron XO4, where X is silicon, 
aluminum, etc. Sodium hydroxide as a high alkaline solvent is incorporated into source 
material rich in Al2O3 and SiO2 as source of the sodium. Kaolin is a convenient clay 
mineral that was used as a precursor to the product adsorbent composition as it is the 
source of aluminum and silicon for alkali reaction. Although variations in chemical 
composition of kaolin are exists, it has an idealized chemical composition of Al2Si2O5. 
Parameters, such as reaction temperature, NaOH concentration, reaction pressure, and 
reaction time which are important parameters affecting the behavior of the adsorption 
process. Samples of kaolin and limestone were mixed at different mass fractions with 
NaOH (2-36 M). Limestone (CaCO3) is the source of the calcium in the product 
adsorbent. The Al and Ca in the kaolin were dissolved by OH
-
 in the alkali solution. Then 
aluminosilicate gel was formed with calcium oxide, after that, the gel was crystallized to 
form Calcium-Sodium-Aluminum-silicon oxides as big flake.  
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4.2 Characterization  
4 .2.1 X-ray diffraction analysis (XRD) 
XRD analysis is used to determine the phases and crystallinity of both raw kaolin and 
limestone and the synthesized material. Figure 11 shows XRD spectrum for raw Kaolin 
sample; there are two phases, one is Kaolinite Al2(Si2O5)(OH)4 (83.5 w.t %) and the other 
is Anatase TiO2 (16.5 w.t %). Gougazeh et al [92] showed that the XRD pattern of the 
natural Jordanian kaolin contains 72 w.t% kaolinite (appeared at 12.34° and 24.64° 2θ), 
27 w.t% quartz, and 1 w.t% other component. Figure 12 shows the main phases in raw 
limestone sample which are Calcite CaCO3 (34.4 w.t %) and Quartz SiO2 (66 w.t %). 
Ghorab et al. [93] also showed that the XRD pattern of limestone contains mainly two 
phase; Calcite and quartz. 
 Figure 13 Shows XRD patterns of the synthesized adsorbent, it is obvious that the main 
two phases are Gehlenite (Ca2 Al ( Al1.22 Si0.78 O6.78 ) ( O H )0.22) appeared at 4, 10,7,8,14, 
and 17 2Ө peaks , with 43% weight ratio. And the other main phase is Stilbite (Na5.76 
Ca4.96 ( Al5.68 Si56.32 O144) (H2O)48.88) with 57% weight ratio. There are very small amounts 
of calcite (CaCO3) and quartz (SiO2) (11, 12, 15, 16 peaks). Hence after the chemical and 
thermal treatment of Kaolin using limestone and NaOH new phases are introduced in the 
structure of the raw adsorbent which contains Ca-Al-Si-Na oxide. X-ray diffraction was 
confirmed the new phases that were formed after treating.  
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Figure 11 XRD spectrum for Kaolin. 
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Figure 12 XRD spectrum for limestone. 
 
Figure 13 XRD spectrum for synthesized adsorbent. 
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4.2.2 Energy dispersive X-ray (EDX) analysis 
Table 3 shows the elemental analysis of the Ca-Al-Si oxides adsorbent material and raw 
kaolin material. The produced material is composed of Ca, Al, Si, Na, C and O. While 
kaolin material is composed mainly of Al, Si, Ti, there are small traces of Ca and Fe. 
Based on the chemical composition analysis; the raw kaolin did not show the 
characteristic signal of Ca and Na, whereas for treated kaolin, clear signals of the presence 
of Ca and Na were observed. Accordingly, we can conclude that Ca and Na are inserted in 
the structure of Kaolin forming new crystalline phase material. Several researchers proved 
that Na is inserted in the structure after reaction [88-91]. The weight percent of Al in the 
structure decreased during hydrothermal reaction because of the dissolving of aluminate 
ions [88]. 
Table 3 Elemental analysis (Weight% (atomic %)) of synthesized adsorbent and raw kaolin by EDX. 
Element Produced adsorbent kaolin 
C 23.57 (33.94) 
 
- 
Al 3.26 (2.09) 15.86 (11.36) 
Si 19.91(12.26) 
 
15.36 (10.57) 
Ca 2.91(1.25) 0.45 (0.34) 
Na 12.07 (9.08) - 
O 38.28 (41.38) 38.28 (75.44) 
Ti - 5.33 (2.15) 
Fe - 0.84 (0.29) 
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4.2.3 Brunauer-Emmett-Teller (BET) technique 
Table 4 shows the textural properties of the kaolin adsorbent before and after treatment; 
also it presents comparison between the surface properties of the raw materials and 
produced adsorbent after different duration of usage. The nitrogen adsorption/desorption 
of kaolin materials at 77 K was used to evaluate surface areas and pore diameters. The 
average pore widths were determined using BET method, and the surface areas were 
determined using BET and t-plot. The specific surface area was evaluated in the range of 
0.05 -0.2 of the relative pressure. The nitrogen molecule cross-sectional area was 0.162 
nm
2
 [57]. The BET analysis showed that the produced adsorbent has better surface area 
(1.96 m²/g) than the raw materials and adsorption cumulative micropores surface area 
(5.831 m²/g) compared with raw Kaolin (0.8043, 4.518 m²/ g  respectively) and raw 
limestone (0.8161, 3.468 m²/g   respectively).  There was no significant decrease in the 
BET surface area between the fresh produced adsorbent and the used one, as after 
regeneration new phases were formed.  
Figure 14, 15, 16 shows the nitrogen adsorption – desorption isotherm for raw kaolin, 
produced adsorbent and limestone. The International Union of Pure and Applied 
Chemistry (IUPAC) published classification of adsorption isotherm in 1985 [58], which 
reflects the adsorption potential and pore size as planar nonporous surface, mesopores, or 
micropores. However, the macropores are wide so they can be considered as flat surfaces, 
and micropores adsorption behavior is dominated by the interaction between fluid 
molecules and the pore walls., while the adsorption behavior in mesopores depend on the 
attractive interaction between fluid and the pore wall and between fluid molecules.    
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Pore condensation happens when the pressure is less than the saturation pressure of the 
bulk liquid where the gas condenses in pores to a liquid like phase. The IUPAC 
classification is shown in figure 17. Type 1 isotherms are found when the adsorption to 
only few layers, this condition is encountered in physical adsorption on microporous 
materials. Type II isotherms are found in case of macroporous or nonporous where 
multilayer adsorption can occur and the inflection point of isotherm indicates the 
completion of monolayer and beginning of multilayer adsorption. Type III isotherms 
indicate that the adsorbate – adsorbent interaction is relatively weak. Type IV isotherms 
are typical for mesoporous materials, and the hysteresis loop is an important characteristic 
feature which is related to pore condensation. The initial part of the isotherm as type III 
related to weak adsorbate interaction. The plateau of isotherm at the high range of P/P0 
indicates complete pore filling, and the initial part of isotherm related to monolayer – 
multilayer adsorption. Type V also shows hysteresis and pore condensation. Type VI 
isotherms are obtained for non-porous surfaces and stepwise multilayer adsorption. The 
produced adsorbent isotherm belongs to type V isotherm according to IUPAC 
classification. It indicates that the treated adsorbent sample is almost mesoporous (2 < d 
<50 nm). The narrow and uniform pore size distribution is proved by the overlapping of 
the adsorption/desorption curves. 
The specific surface of kaolinite depends on the source of kaolin. Several researchers have 
investigated the specific surface area of kaolin and modified kaolin. Chen et al. [97] 
showed that the specific surface area, pore diameter, and pore volume for unmodified 
kaolinite are 74.3 m
2
/g, 15.3 nm, and 0.305 cm
3
/g. And in the case of amine-modified 
kaolinite are 8.9 m
2
/g, 22.3 nm, and 0.05 cm
3
/g. They observed that the reduction in the 
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textural properties is because of the blocking of the surface pore of kaolinite by amine 
molecules. Castellano et al. [98] investigated that the specific surface area of kaolinite is 
10 to m
2
/g. All limestones have low surface area. Alton [99] showed that the specific 
surface area of limestone is 1.66–1.95 m2/g. The specific surface area of crystalline 
Gehlenite was 5 m
2
/g [100].      
 
Table 4 Textural properties of kaolin adsorbent materials. 
 
Compounds 
t-plot External 
surface area 
(m
2
/g) 
BET surface 
area (m
2
/g) 
t-plot 
micropore 
volume (cm
3
/g) 
Adsorption 
average 
pore width 
(4v/A by 
BET) A
0
 
limestone 2.04 
 
0.816 0.000295 765.9 
Raw kaolin  4.00 0.804 0.000187 861.6 
Treated kaolin 
(fresh)  
4.05 
 
1.96 0.000415 879.4 
Treated used one  6.23 1.95 
 
0.000302 689.3 
Treated used once 
(after regeneration) 
3.01 0.902 0.000428 759.4 
Treated used 5 
times (after 
regeneration) 
0.873 0.742 0.000435 1446.0 
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Figure 14 N2 adsorption/desorption isotherm for raw kaolin. 
 
 
Figure 15 N2 adsorption/desorption isotherm for treated kaolin. 
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Figure 16 N2 adsorption/desorption isotherm for limestone. 
 
  
Figure 17 IUPAC classification for adsorption isotherm [59]. 
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4.2.4 Pore Size Distribution 
Pore size distribution and macroporosity are usually determined by mercury porosimetry. 
The results are commonly displayed either as dVp/dr against pore radius r, or as a 
cumulative distribution Vp against r.  Nitrogen adsorption method can also be used to 
determine pore size distribution; however, in some cases the use of this method is not 
possible for small pores that have molecular sieving abilities. When the adsorption of 
nitrogen is carried out at 77.34 K, both capillary condensation in the pores and adsorption 
of nitrogen in the surface take place. The size of the pore rk, where the condensation 
occurs and the thickness of adsorbed layer t, depend on the nitrogen partial pressure. By 
assuming appropriate relation between rk, t and partial pressure P, the adsorption isotherm 
can be converted to pore size distribution. When change of pore size distribution is 
involved, cumulative pore size distribution is preferred.    
The distribution of pore sizes can be classified into micropores, mesopores, and 
macropores according to the classification of Dubinin [60]. Table 5 shows these 
classifications. Figure 18 shows the mean pore diameter varies from 473.8 A
0
 for treated 
kaolin to 481.7 A
0
 for raw kaolin, thus the treated kaolin is mesoporous. The shape of 
pore size distribution was bimodal. It can also be observed that the permeability of the 
produced adsorbent was better than that of raw kaolin, larger permeability value, and 
better filtration properties of material. The narrow particle size distribution maintains the 
void spaces between the particles. The maximum pore volume of produced adsorbent is 
much larger than that of raw kaolin.  
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Table 5 IUPAC classification of pore sizes [60]. 
Type Pore Size (A0) 
Macropore ≥ 500 
Mesopore 20 to 500 
Supermicropore 7 to 20 
 
Ultramicropore ≤ 7 
 
 
Figure 18 pore size distribution for kaolin material. 
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4.2.5 N2 adsorption/ desorption isotherm analysis  
The N2 adsorption – desorption isotherm is used to calculate the surface area and pore 
diameter. There are several methods that can be used such as BET model, which is an 
extension from monolayer molecules adsorption to multilayer [62]. The linear form of 
BET isotherm is:  
 
  (
  
   )
 
 
    
 
(
 
  
) (   )
    
 
 
Where Q is the adsorbed volume at equilibrium (cm
3
/g), P is equilibrium pressure (MPa), 
Po is saturated vapor pressure (MPa), Vm is adsorbed volume in a monolayer, at STP, and 
C is the BET constant.  After obtaining the Vm, the specific surface area SBET (m
2
/g) was 
obtained using this formula: 
  
         
   
   
              (
  
 
)  
Where NA is Avogadro’s number, m is mass of adsorbate sample (g), and VM is molar 
volume (22.414 cm3/ mol at STP), a is cross section of adsorbate (0.16 nm
2
).  Figure 19 
shows the BET surface area plot for fresh treated Kaolin.  
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Figure 19 BET surface area linear plot fro trated kaolin. 
 
It is obvious from the above figure 19 that the BET model is applicable for a range of 
0.05< P/P
0 
<0.35. The surface area can be also obtained from the t-plot model by plotting 
the quantity adsorbed (Q) as a function of layer thickness (t) at different values of P/P
0
 as 
shown in figure 20. The thickness of the adsorbed layer as a function of reduced pressure 
is called t-plot of flat surface. The plot of the amount adsorbed against thickness is a 
straight line. The amount adsorbed can be either decreased of increased for the porous 
solid, if it decreases, then it indicates the presence of slit shape pores (tslit<tflat). On the 
other hand, if it increases, this indicates cylindrical pores (tcyl>tflat). This method can be 
analyzed by obtaining data of amount adsorbed versus (P/P0), and for each value of (P/P0), 
the thickness t can be obtained from the t-plot. Finally, the amount adsorbed versus 
thickness can be plotted.  
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 The t-plot equation is:  
  (
 
  
)   (     )          (
 
  
) 
Where k is the equilibrium constant of adsorption. The model separates the micropores 
from external surface (mesopores, macropores, and outside surface) by the above 
equation. From the slope and intercept, the external and micropore surface areas were 
obtained. The layer thickness in the above equation can be replaced by Harkins and Jura 
[63] equation: 
  (
     
         (
 
  )
)
   
 
 
Figure 20 Hakins and Jura t-plot of treated kaolin. 
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Table 6 summarized the parameters for two models, which leads to the conclusion that the 
surface area from t-plot model is more accurate for treated kaolin sample.  
Table 6 BET and t-plot modelsurface area. 
 
Model 
 
 
Slope 
 
Y-intercept 
 
 
Surface area 
(m
2
/g) 
 
Correlation 
coefficient 
Hakins and Jura t-
plot 
0.0116 
 
0.0119 4.05 0.999 
BET 60.9 -11.28 1.96 0.858 
 
4.2.6 Barrett–Joyner–Halenda (BJH) adsorption 
The Berrett Joyner Halenda (BJH) method was initially proposed for coarse porous 
adsorbent with wide range of pore sizes [101]. Later on, the applicability of the method 
was proved for all types of porous materials. BJH method is useful to obtain the pore 
volume and total surface area by analyzing the adsorption and desorption divisions of the 
nitrogen isotherm. BJH method calculations cylindrical pores [102].     
Figure 21 shows the difference between the pore volume and the pore width for raw 
kaolin and limestone and treated kaolin (fresh and after using five time and regeneration).  
It can be noticed that fresh treated kaolin has a higher value of total pore volume and 
wider pores. Also it has a monomodel of pore size distribution.  
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Figure 21 BJH adsorption comulative pore volume for kaolin adsorbent and limestone. 
 
4.2.7 Scanning Electron Microscopy (SEM) 
The qualitative and morphological characteristics of produced adsorbent were examined 
using SEM technique. Fig 22 (a) – (d) shows the SEM micrographs of treated Kaolinite. 
White particles can be seen in the structure surface, which are Ca particles that were 
inserted during chemical treatment with limestone. The produced sample is composed of 
agglomerates. Murat et al. [105] studied the synthesis of zeolite from thermally activated 
kaolinite. They showed that zeolite crystals appear in the form of large agglomerates, and 
the agglomeration may start before crystallization of zeolite.  The surface morphologically 
of samples was not uniform, showing noticeable pores. 
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Figure 22  SEM micrograph (a) 2kx magnification (b) 30kx magnification (c) 50kx magnification (d) 100kx 
magnification. 
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4.2.8 Fourier transform infrared spectroscopy (FTIR) 
The change in the surface chemistry of adsorbent samples after treatment was studied 
using FTIR spectroscopy. Figure 23 shows the FTIR spectra for both treated and raw 
kaolin. In the kaolin sample, a peak of 3696 cm-1 which is related to OH stretching of 
inner surface hydroxyl groups disappeared during treatment. The characteristic 
absorbance peak at 3622 cm-1 which is assigned to OH stretching of inner hydroxyl 
groups, also vanished during treatment. However, peaks at 3420 and 2967 cm-1 appeared 
in the treated sample.  These peaks are related to hydroxyl acid functional groups. 
Another minor peak appeared for treated sample at 831 cm-1 which is related to OH or 
OCH3 group. The peak at 2364 cm-1 was clearly observed for treated kaolin due to 
NH+=N+H or CO2. In addition, four major peaks were observed at 1640, 1562, 1467, 
1207 cm-1, which are related to –NH2, =NH, N-N=O, and N+-O- respectively. In raw 
kaolin sample, a peak of 1118 cm-1 is assigned to Si-O stretching (longitudinal mode) and 
peak of 1039 cm-1 related to in-plane Si-O stretching, shifted to 1041 cm-1 for treated 
sample. However, a new peak of 935 cm-1 appeared in the treated sample, which 
corresponds to the OH deformation of inner surface hydroxyl groups. The absorption 
bands observed at 758, 699, 547 cm-1 for raw kaolin could be assigned to Si-O 
(perpendicular), Si-O, and Al-O-Si; these bands disappeared in the treated sample. 
Gougazeh et al. [93] showed that the band ranged from 690 cm
-1
 to 925 cm
-1
 assigned to 
Al-O, and did not appear in the zeolite product. Peaks at 662, 693, 718 cm
-1
 assigned to T-
O-T vibrations (T=Al or Si).  
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Alkan et al. [110] showed that the band at 3696 cm
-1
 assigned to the inner surface O-H 
group, the peak at 3622 cm
-1
 is related to inner hydroxyl group, and the peak at 1115 cm
-1
 
corresponds to Si-O stretching, peak at 755 assigned to Si-O-Si   
 
Figure 23 FTIR spectra for treated and untreated Kaolin. 
 
4.3  Breakthrough profiles 
 The treated kaolin adsorbent which is a mixture of aluminosilicates and calcium and 
sodium oxides was tested for adsorption of CO2 acidic gas from the gas stream. A method 
of sorption of a sample of CO2 is carried out by placing certain amounts of sample in an 
isothermal column. CO2 is introduced into the bed from the bottom of the column using a 
fixed flow rate. Ranges of initial concentration of CO2 were used and the flow rate is in 
the range of 2 L/min, 4 L/min, and 6 L/min. Preferably, the initial concentration of CO2 is 
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1.87% and the flow rate is 4 L/min. The desorption procedure was similar to the above 
procedure except that nitrogen gas was introduced instead of CO2.  
The concentration of CO2 at the exit stream was then measured at different periods of time 
and the difference in concentration between the inlet and outlet streams were calculated. 
Figure 24, 25 and 26 shows the breakthrough curves for CO2 adsorption, which were 
obtained for produced adsorbent, limestone and raw Kaolin at room temperature and a 
flow rate of 4 L/min. Figure 24 shows that at an initial concentration and flow rate of CO2 
of 1630 ppm and 4 L/min respectively and a given mass of sample of 10 g, the 
breakthrough curves of adsorption of treated kaolin sample took about 55 min to get 
saturated with CO2 and at this time all CO2 was adsorbed on the surface,  while the raw 
limestone and Kaolinite (Figure 25 and 26) took about 10 s to reach the same saturated 
value of treated sample. The adsorption of CO2 by the treated samples was followed by 
the chemisorption process where a chemical reaction between CO2 and the surface took 
place. While for raw kaolin and limestone the physical adsorption is dominant. Hence, the 
adsorption capacity of the treated sample is very high compared to the raw materials. Fig. 
27 shows the complete breakthrough curve for treated Kaolin.  
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Figure 24 Breakthrough curve of treated kaolin at flow rate of 4 L/min, concentration of 1630 ppm, and 
temperature of 25 C. 
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Figure 25 Breakthrough curve of raw kaolin at flow rate of 4 L/min, concentration of 1630 ppm and temperature 
of 25 C. 
 
Figure 26 Breakthrough curves of raw Kaolin and limestone at flow rate of 4 L/min and temperature of 25 oC. 
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Figure 27 Complete breakthrough curve of treated Kaolinite at flow rate of 4 L/min, temperature of 25 oC. 
 
4.4 Adsorption capacity  
The chemical treatment of Kaolin using limestone and NaOH formed a mixture of Ca-Na-
SiO2-Al2O3 that increased the affinity for CO2 adsorption because there are more CO2 
consuming sites in the structure. The new phases make the adsorption capacity much 
higher (2.79 mmol/g) at 4 L/min, 298 K and 1 bar, comparing to the raw kaolin (0.013 
mmol/g) at the same conditions. The adsorption capacity of different adsorbents materials 
in the literature at different conditions are listed in the table 7.  Even though the product 
material has a low surface area; the adsorption capacity is competitive with other 
adsorbents at the same conditions.  
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Table 7 Adsorption capacities of CO2 for different adsorbents. 
Adsorbent T (K) P (bar) q (mmol/g) Reference 
Treated Kaolin 298 
 
1 2.79 This work 
(TNT) modified with CdS and 
Bi2S3 
298 1 0.269 15 
Zeolite 13X 298 1 1.77 23 
Mg-MOF-74 298 1 8.61 37 
Modified activated carbon 298 1 2.92 28 
MOF-177 298 
 
35 34 18 
MIL-100 304 50 18 
 
19 
MIL-101 604 50 40 19 
Activated fly ash 313 - 5.48 32 
Lithium-based fly ash 773 - 2.43 33 
Zr-MOF 273 9.8 8.1 34 
Amine-modified mesocellular 
slilca foams 
348 - 7.73 35 
UiO-67 MOF 308 1 6.86 36 
MCM-41PEI 348 1 6 38 
Zeolite 13X 298 32 7.4 18 
MAXSORP 298 35 25 18 
ZIF-8 298 25 7.5 21 
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4.5 Regeneration and desorption results 
After having adsorbed CO2, the Ca-Na-SiO2-Al2O3 composition may be regenerated 
and/or recycled by desorbing the previously-adsorbed CO2. Desorption may be carried out 
by heating the CO2 containing composition and passing one or more inert gases over the 
CO2 composition. At a sufficient temperature, CO2 will be desorbed from the structure.  
A method of desorption of a sample of N2 is carried out by placing a fixed amount of 
different ranges of sample sizes in an isothermal column. N2 is introduced from the 
bottom in different ranges of flow rates. 
The new adsorbent was tested after several regeneration cycles with NaOH (14 M) and 
was found that its capacity increases by increasing the regeneration cycles as a result of 
more Na oxide linked aluminosilicate structure with the treatment of NaOH. 
The regeneration of the chemisorbed material was carried out using the washing of the 
consumed material with NaOH, so it will react with calcium carbonate, after which 
calcinations was done. Figure 28 shows that the adsorption capacity for the material after 
regeneration after five times of using it is much higher than the fresh one, which is 
because the washing with NaOH generates new phases, which contain higher amounts of 
Na with Ca-Si-Al oxides. 
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Figure 28 Adsorption curves of treated Kaolin after several regeneration cycles. 
 
When the initial concentration is 1.87% and the flow rate is 4 L/min, the maximum 
adsorption capacity initially is 0.467 mmol/g, followed by 1.018 mmol/g after the first 
regeneration, by 0.861 mmol/g after the second regeneration, by 1.043 mmol/g after the 
third regeneration, by 2.97 mmol/ g after the four times of regeneration and by 4.7 
mmol/g after the fifth regeneration. Figure 29 is a graph depicting the effect of 
regeneration cycles on the amount of CO2 adsorbed. The initial CO2 concentration was 
18700 ppm (1.87%). 
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Figure 29 Effect of regeneration cycles on amount  of CO2 adsorbed . 
   
Also the quantity of CO2 desorbed from the treated kaolin was almost the same at room 
temperature for the different times of regeneration. The amount of CO2 desorbed at an 
initial gas concentration of 1.87% and flow rate of 4 L/min is 0.2 mmol/g after first 
regeneration, followed by 0.21 mmol/g after the second regeneration, by 0.201 mmol/g 
after the third regeneration, by 0.186 mmol/g after the fourth regeneration, and by 0.201 
mmol/g after the fifth regeneration (Figure 30). 
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Figure 31 shows the effect of regeneration cycles on the amount of CO2 adsorbed, 
desorbed and reacted on the treated kaolin material. The amount of reacted CO2 is the 
difference between the adsorbed and desorbed amounts.  
 
Figure 30 Effect of regeneration cycles on amount  of CO2 desorbed. 
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Figure 31 Effect of regeneration cycles on amount  of CO2 adsorbed, desorbed, and reacted. 
 
 
4.6 Effect of temperature  
Figure 32 describes the effect of temperature on the adsorption of CO2 on the treated 
kaolin adsorbent. Different temperatures were tested (5, 15, 25, 35, 50, 60, and 70 
o
C) at 
initial CO2 concentration of 18700 ppm (1.87%) and a flow rate of 4 L/min. It is obvious 
that for high temperatures, it took more time to get saturated so it has a higher adsorption 
capacity. The adsorption of CO2 by the treated samples was followed by the 
chemisorption process where a chemical reaction between the CO2 and the surface took 
place. This sorption was enhanced with increasing bed temperature from which it can be 
concluded that there was an endothermic process at the surface of the produced samples.  
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Although, an increase in the temperature makes the gas molecules active energized and 
harder to be adsorbed, an increase in the flow rate and negligible effect of pressure will 
make the effect disappear and increasing the temperature will increase the rate of the 
reaction on the surface and therefore increase the adsorption capacity. Bear [74] showed 
that the CO2 adsorption capacity for AC-MDEA sample was increased with temperature 
therefore increasing the indication of the chemisorption process. Al-Degs et al .[82] 
studied the effect of temperature on the adsorption behavior of dyes on activated carbon, 
they found that the adsorption of dyes was an endothermic process because the adsorption 
capacity of dyes increased at higher temperatures, and the surface coverage also 
increased. They suggested that the enhancement of adsorption capacity with high 
temperatures may be because of an increase in the penetration of dyes inside micropores 
or the creation of new active sites. Akso [107] investigated that the adsorption of 
cadmium (II) by C. vulgaris was exothermic, so adsorption increased with decreasing 
temperature, and the optimum adsorption temperature was 20 
0
C. Martins et al. [108] 
found that the adsorption of zinc on F. antipyretica is an endothermic process, and the 
capacity enhanced with temperature from 11.5 mg g
−1
 at 5°C to 14.7 mg g
−1
 moss at 
30°C. The increase can be caused by a change in adsorbent pore size and enhanced ion 
exchange. On the other hand, cadmium adsorption capacity was independent of the 
temperature. Namasivayam et al. [109] found that the adsorption capacity of Congo Red 
on activated carbon increased slightly with temperature. The endothermic nature of the 
adsorption process was confirmed from the positive values of ΔH0. The spontaneous 
nature of adsorption was confirmed by the negative value of ΔG0 at 60 0C, while at low 
temperature, the ΔG0 values were positive and the spontaneity was not favored.  
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Figure 32 Effect of temperature on the adsorption of treated kaolin. 
4.7  Effect of initial concentration  
Figure 33 shows the breakeven curves for adsorption of CO2 by treated kaolin at different 
initial concentrations of CO2 at room temperature, 4 L/min flow rate and 1 atm. The 
adsorption capacity is proportional to both the initial concentration of CO2 and time 
needed to reach the saturated value, because of the increase in the driving force between 
the gas concentration in bulk and others in the surface of the adsorbent. At an initial 
concentration of 18700 ppm, the adsorption capacity is high because of the high value of 
the initial concentration. The adsorption capacity is high at an initial concentration of 
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1600 ppm because of the high value of time needed to get saturated, but not as high as the 
first case since the initial concentration is much higher.  
 
Figure 33 Effect of initial concentration on the adsorption of treated kaolin. 
 
4.8 Results of characterization of regenerated material   
This section deals with studying the results of characterization of the treated sample after 
five cycle regeneration. Table 9 shows the elemental analysis of the sample using SEM 
instrumental. It is obvious that after using five cycles, more Na is linked with 
aluminosilicate structure because of the treatment with NaOH, and this proves the 
increase in adsorption capacity with an increase in the regeneration cycles.   
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The structure of the treated sample after five cycles was examined by using scanning 
electron microscopy (SEM). Figures 34, 35 and tables 8, 9 show the SEM image and their 
related peaks. The analysis confirmed the conclusion that was obtained about the increase 
in the percentage of Na in the structure after regeneration of the material at different times 
using NaOH. The sample is composed of spherical like particles and in the form of 
aggregates.  
 
Figure 34 SEM micrographs of the treated sample after five cycles. 
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Figure 35 Spectrum of x-rays for treated sample after five cycles. 
 
Table 8 Statistical analysis of elemental data. 
Statistics O Na Mg Al Si Ca Ti Fe Cu 
Max 55.61 21.23 0.15 2.11 8.41 11.44 0.51 0.21 0.34 
Min 55.61 21.23 0.15 2.11 8.41 11.44 0.51 0.21 0.34 
Average 55.61 21.23 0.15 2.11 8.41 11.44 0.51 0.21 0.34 
Standard 
Deviation 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 9 Elemental analysis from SEM results for sample after five cycles. 
Element Weight % 
O 
 
55.61 
 
 
Na 21.23 
Si 8.41 
Al 2.11 
Ti 0.51 
Fe 1.02 
Ca 11.44 
Cu 0.34 
Mg 0.15 
Total 100 
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4.9  Effect of humidity  
It is very important to study the effect of humidity on the adsorption capacity for CO2 gas 
and humidity on the surface of the treated kaolin material since the adsorbent is a 
hydrophilic material. During all previous experiment results, the material was exposed to 
the atmosphere, so it was saturated with water (20 % RH), and the adsorption capacity 
was good. That enhancement of the adsorption capacity may be due to the water vapor 
making a link between the CO2 and calcium and sodium oxide in such way that the 
adsorption is enhanced.  The adsorption can also be improved by increasing the humidity 
in the inlet CO2 gas by passing the gas through a controlled relative humidity water vapor. 
Figure 36 shows the breakthrough curve of different relative humidity values for inlet gas 
at constant temperature, flow rate, and concentration. The adsorption time that is needed 
for the material to get saturated for 63% relative humidity is higher than that for 20%. 
Figure 37 shows the adsorption capacities value at different sets of humidity conditions. 
The rise in the adsorption capacity with humid gas is still a matter of discussion. There are 
different literatures which discuss the effect of water vapor on the adsorption capacity for 
different adsorbents. Yazaydin et al [71] studied the effect of the humidity on the 
adsorption on MOF, he found that molecules of water opened the metal sites on the 
framework and increased the adsorption capacity.  
Baroz Aziz [72] studied the effect of humid CO2 on the adsorption capacity of the APTES 
modified silica; he found that the uptake of CO2 was enhanced when the humidity was 
applied. He claimed that carbamateammonium ions react further with CO2 and H2O and 
may form bicarbonate groups.  
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Figure 36 Breakthrough curve for treated kaolin at relative humidity of 63% and 20%. 
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Figure 37 Adsorption capacity at different sets of humidity conditions. 
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5 CHAPTER 5 
MATHEMATICAL IINTERPRETATION  
5.1 Breakthrough curve analysis  
The mean residence time or average residence time (space time) tm is defined as volume 
over volumetric flow rate.  It can be described by the residence time distribution function 
E(t) that describes how much time different gas elements have spent in the column: 
 ( )  
 ( )
∫  ( )   
 
 
 
   ∫   ( )   
 
 
 
The mean residence time (MRT) is a very important parameter to estimate the average 
time that gas molecules are present in the adsorption column. For treated kaolin at room 
temperature initial concentration and flow rate of 1630 ppm and 4 L/min respectively, the 
MRT is (figure 38): 
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Figure 38 Definition of mean reciedence time on the breakthrough curve. 
 
5.2 CO2 adsorption isotherm analysis 
Figure 39 shows the CO2 adsorption isotherm after applying the vacuum condition for the 
treated kaolin sample, so the humidity in the solid sample and the gas feed is almost zero 
and the adsorption is not as much as the one with humidity conditions.  
The isotherm has a form of type II in BDTT classification where BET mechanism is 
applicable.  N-layer BET equation can be applied in case the adsorption layer is limited by 
n layers. The form of n-layer equation is: 
 
  
 
  
   
  (   )        
  (   )       
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When n equal 1 the equation will reduce to the Langmuir equation form, and when n is 
infinity, the equation will reduce to the BET equation. Figure 40 shows the linearization 
of the isotherm data to get the BET constants and after getting the isotherm parameters, 
the isotherm data was fitted with n-layer equation to get the number of layers n (figure 
41). The parameters obtained are listed below:  
n (layers) 6.164553 
c 27 
qm (mg/g) 11.22 
 
 
Figure 39 CO2 adsorption isotherm at 22 C. 
  
0
5
10
15
20
25
30
35
40
0 10 20 30 40 50 60
U
p
ta
ke
 (
m
g/
g)
 
P (bar) 
Run 1
` 
73 
 
 
Figure 40 Linear form of BET isotherm for CO2 adsorption on treated kaolin at 22C. 
 
Figure 41 Fitting between experimental isotherm data and n-BET equation. 
 
y = 0.0858x + 0.0033 
R² = 0.9938 
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0 0.1 0.2 0.3 0.4 0.5
x/
v(
1
-x
) 
x 
Run 1
Linear (Run 1)
0
5
10
15
20
25
30
35
40
0 10 20 30 40 50 60
U
p
ta
ke
 (
m
g/
g)
 
P (bar) 
EXP. data
N-BET
` 
74 
 
5.3 Thermodynamic parameters  
Since the pseudo first order model was considered acceptable, its kinetic parameters at 
different temperatures were used to calculate the thermodynamic parameters. In the 
previous actions, the effect of temperature was studied at different values of temperature 
(15, 25, 35, 50, 60, and 70) at flow rate of 4 L/min and constant initial concentration and 
humidity. As we saw that an increase of the temperature caused an increase in the CO2 
adsorption capacity, this means that there is an endothermic interaction between the CO2 
molecules and the surface of the treated kaolin, where chemisorption and physisorption 
takes place. Although the increase in temperature makes the gas molecules active 
energized and harder to be adsorbed, but an increase in flow rate and the negligible effect 
of pressure makes this effect disappear and an increase in the temperature will increase 
the rate of the reaction on the surface and increase the adsorption capacity. The following 
equations were used to evaluate the thermodynamic properties as the heat of adsorption 
(∆H°), slandered free energy change (∆G°) and slandered entropy (∆S°) [77-81]:    
         ∆   
             
     
   
  
 - 
   
   
  
Where kf is the equilibrium constant from pseudo first order model, R is the gas constant 
(8.314 J/mol K), and T is the temperature in K.  
The plot of ln kf versus 1/T was made to get the slope and the intercept which are heat of 
adsorption and entropy respectively. Plot is shown in figure 42. 
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Figure 42 Relationship between equilibrium constant and temperature for treated kaolin. 
The equilibrium constant increases with an increase in the temperature, hence the number 
of active sites increases while the adsorption capacity increases.  The table below lists the 
values of thermodynamics parameters (∆Hads, ∆Sads and ∆Gads). The value of ∆Hads is 
positive (+144.6 kJ/mol) indicating that the nature of the adsorption is endothermic, which 
explains the enhancement in the adsorption capacity with temperature. The positive value 
of ∆Sads (444.1 J/mol.K) confirmed the randomness and disorder during the adsorption 
process at solid/gas interface. The low and negative values of ∆Gads indicate the 
spontaneity of the adsorption process, so it does not need an external energy source for the 
adsorption system.  
The physical and chemical adsorption can be classified based on the value of the heat of 
adsorption, when the value is less than 84 kJ/mol, the physical adsorption is dominant, 
while the chemical adsorption bond strength ranges from 84 to 420 kJ/mol [82,83].  
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From the evaluated value of heat of adsorption, it was found that the adsorption of CO2 on 
treated kaolin follows the chemical adsorption process.  
delta S (J/mol.K)  delta H (kJ/mol)  delta G (kJ/mol) Temperature (K) 
    8.090 308 
444.1 144.6 0.599 323 
    -7.46 343 
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5.4  Fixed Bed Adsorption Column Modeling  
It is very important for the given adsorption system to obtain the breakthrough curve by 
mathematical modeling. Different mathematical models have been used to predict the 
breakthrough curves in fixed bed adsorption column. For adsorption of CO2 on treated 
kaolin, the dispersion model was selected. Considering the system as an axial dispersed 
plug flow, the following equation was used for convective-diffusion-reaction: 
   
  
  
   
  
    [
 
 
 [ (     ⁄ ]
  
 
    
   
]     
Where CA is the CO2 concentration and DAB is the diffusion coefficient. The following 
assumptions can be made: 
- The system is uniform in temperature and has a constant pressure drop. 
- The radial dispersion is negligible. 
- Adsorption, surface reaction, and internal diffusion resistances are involved in 
chemical adsorption.  
- The velocity of the gas is assumed to be constant. 
Based on the above assumptions, the equation and the initial boundary conditions are 
described as following:  
   
  
  
   
  
    
    
   
 
    
 
      
    
 
The initial and boundary conditions are: 
CA [t , 0]= C0 
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CA [0 , z]= 0 
   [   ]    
Where C0 is the initial concentration (1630 ppm), L is the length of the column (10 cm), 
and ts is the time when the adsorbent becomes saturated and the inlet concentration is the 
same as that of the outlet from the column (194 min).  
The model can be solved numerically using the finite difference method: 
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The constants in the equation were written as a function of temperature, so the model was 
fitted with different sets of experimental data at different temperatures. 
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  Where: 
        
   
      
       
   
      
       
   
      
   
  
  
   
  
     
   
      
    
   
 
    
   
         
 
      
   
         
 
   
The model was fitted with experimental data by MATHEMATICA V.9 software, and the 
parameters were found as following:  
Deff=2.8x10
-3
 cm
2
/s 
  =1x10
-13
 s
-1
 
  =5.1x10
-10 
s
-1
 
   19.0 KJ/mol 
   16.0 KJ/mol 
   6.8 KJ/mol 
a= 0.96 
b= 1.5 
 
The dispersion model is used to describe actual reactors (non-ideal) when axial dispersion 
is covered.  
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The dispersion number is the reciprocal of Peclet number (Pe) and measures the ratio 
between the rate of transport by diffusion or dispersion to the rate of transport by 
convection, and shows the deviation from plug flow in the adsorption column. 
                  
    
  
 
The value of dispersion number was found to be 7x10
-6
, when dispersion number 
approaches zero, the dispersion can be considered as negligible, and the system behaves 
as a plug flow reactor (PFR). Figure 43 shows the fitted experimental data with the 
dispersion model. 
 
Figure 43 Experimental and dispersion model for CO2 adsorption 
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6 CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
A new Ca-Na-Al2O3-SiO2 adsorbent was prepared from low cost raw materials composed 
of kaolinite and limestone. This material was characterized according to its surface area, 
morphology, and pore size distribution. Then it was used for adsorption of carbon dioxide 
from gas stream. The following are the main conclusions drawn from this research work: 
1. The produced adsorbent composition was sodium-calcium-aluminosilicate 
composition and comprised of a mixture of Gehlenite 
Ca2Al(Al1.22Si0.78O6.78)OH0.22 and Stilbite Na5.76Ca4.96(Al15.68Si56.32O144) with 
weight percentage of 43 and 57 respectively, when the hydrothermal reaction was 
carried out at a constant temperature and pressure of 200 
0
C and 15 bar 
respectively and optimum concentration of NaOH of 36 M. Another produced 
sample showed the presence of Gehlenite, Stilbite, and Lawsonite 
CaAl2Si2O7OH2(H2O) with weight percentages of 4.1, 7.1, and 88 respectively, 
obtained at a reaction temperature of 50
 0
C, pressure of 4 bar, and sodium 
hydroxide concentration of 4 M. The mechanism of the hydrothermal reaction of 
kaolin and limestone mixture in alkali solution can be summarized in three steps; 
the first step is the dissolution of Al and Si in the kaolinite by OH
-
 and keeping 
them in an alkali solution, second step is the formation of aluminosilicate gel and 
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the linking of the calcium and sodium in their structure, and the third step is the 
crystallization of the gel to form Ca-Na-SiO2-Al2O3 structure. 
2. Characterization of the produced adsorbent showed a maximum surface area of 5.8 
m
2
/g and pore volume of 0.045 cm
3
/g with mesoporous structure. The nitrogen 
adsorption/desorption isotherm showed that the treated adsorbent has narrow and 
uniform pore size distribution. The BJH pore sized distribution method showed 
that the produced adsorbent has a higher adsorption cumulative pore volume than 
raw materials.  
3. The produced adsorbent’s performance was tested for the removal of CO2 from a 
gas stream. A method of adsorption of a sample of CO2 was carried out by placing 
a fixed amount of sample in an isothermal column. The CO2/N2 mixture was 
passed over water vapor to gain the desired humidity, and then the mixture was 
introduced to the column. The concentration of CO2 at the exit stream was 
measured at different periods of time. A similar procedure of desorption was 
carried out by introducing N2 to the column. For a given mass of sample of 10 g, 
an initial flow rate and concentration of CO2 of 4 L/min and 1630 ppm, 
respectively, the breakthrough adsorption curves showed that the produced sample 
took about 55 min to get saturated with CO2 with an adsorption capacity of 2.79 
mmol/g, while limestone and kaolin took 0.27 and 0.23 min respectively to reach 
the same saturated value with an adsorption capacity of 0.013 mmol/g. 
4. The effect of humidity was tested to investigate the effect of water molecules on 
the adsorption performance. It was noticed that by increasing the humidity up to 
55%, the breakthrough time required to achieve the saturation capacity increased. 
However, further increase in humidity resulted in lowering the adsorption capacity 
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as a result of competitive adsorption between CO2 and water molecules on the 
adsorbent surface.  
5. The adsorption of CO2 by the treated samples follows the chemisorption process 
where a chemical reaction between the CO2 and the surface took place. This 
adsorption was enhanced with increasing bed temperature which suggests an 
endothermic nature at the surface of the produced samples. Although the 
increasing of the temperature makes the gas molecules active energized and harder 
to be adsorbed, with an increase in the flow rate and negligible effect of pressure, 
this effect will disappear. Additionally, increasing the temperature will increase 
the rate of the reaction on the surface of the adsorbent. The obtained experimental 
data were fitted according to axial dispersion model with assumptions that the 
system is uniform in temperature and has a constant pressure drop, the radial 
dispersion is negligible, and the surface reaction, adsorption, and initial diffusion 
resistances are involved in chemical adsorption. The model was solved using the 
finite difference method by MATHEMATICA V.9 software and found that 
effective diffusivity and reaction constants have a noticeable effect on the rate of 
adsorption. The effective diffusivity was calculated to be 2.8*10
-3
 cm
2
/s. The 
value of ∆H (+144 kJ/mol) confirmed that the chemical adsorption is dominant 
and the adsorption process was endothermic in nature. The positive value of ∆S 
(444 kJ/mol) confirmed the randomness and the disorder during the adsorption 
process at solid/gas interface. By increasing the temperature, the adsorption 
process becomes more spontaneous and the value of ∆G becomes negative.  
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6. The produced adsorbent was tested after several regeneration cycles with 14 M 
NaOH and it was found that its capacity increases with an increase in the 
regeneration cycles as a result of more Na oxide linked aluminosilicate structure 
with the treatment of NaOH. When the initial concentration was 1.87% and the 
flow rate was 4 L/min, the maximum adsorption capacity after fifth regeneration 
cycle was 4.7 mmol/g, which is twice the adsorption capacity after the first 
regeneration. The weight percentages of Na in the produced adsorbent after the 
first and fifth regeneration are 12.07 and 21.23, respectively. 
7. The produced adsorbent has a number of significant practical advantages over 
other adsorbents. It is naturally available and inexpensive relative to other solid 
adsorbents. Despite its low surface area, it has a high adsorption capacity when 
compared with others at the same operational conditions. It is regenerable as its 
adsorption capacity increases after several regeneration cycles, and its 
performance can be enhanced with increasing humidity. Thus the produced 
adsorbent can be commercially and economically viable in industry. 
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6.2 Recommendations 
The recommendations of great value to this work would be the following: 
1. The same experimental procedure can be done for adsorption/desorption of the 
other gases which may be found in natural gas such as H2S. It is also 
recommended to perform the experiments for competitive adsorption/desorption of 
CO2, CH4, and H2S.  
2. It is recommended to perform experiments on treated kaolin adsorbent with 
different particle sizes to study the effect of this factor on adsorption capacity. It is 
also important to study the effect of the adsorption column diameter.  
3. The method of treatment can be changed using different types of alkaline solutions 
with different amounts. 
4. In-depth pilot scale experiment using the same working conditions should be 
conducted similarly with the previous method to design the scale up.   
 
 
 
 
 
 
 
` 
86 
 
APPENDIX 
Appendix A: CO2 uptake Graph 
 
 
Figure 44 CO2 uptake of treated kaolin (4 L/min, 19140 ppm, 20% RH,15 C). 
 
Figure 45 CO2 uptake of treated kaolin (4 l/min, 18710 ppm, 20% RH,25 C). 
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Figure 46 CO2 uptake of treated kaolin (4 l/min, 18350 ppm, 20% RH,35 C). 
 
 
 
Figure 47 CO2 uptake of treated kaolin (4 l/min, 18140 ppm, 20% RH,50 C). 
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Figure 48  CO2 uptake of treated kaolin (4 l/min, 18420 ppm, 20% RH,60 C). 
 
 
 
Figure 49 CO2 uptake of treated kaolin (4 l/min, 18710 ppm, 20% RH,70 C). 
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Appendix B: CO2 Adsorption/Desorption Graph 
 
Figure 50 Adsorption-desorption curve for raw kaolin at %RH = Low, Conc= 1200ppm, flowrate= 4 L/min and 
Temp=25 C. 
 
Figure 51 Adsorption-desorption curve for raw limestone at %RH = Low, Conc= 1200ppm, flowrate= 4 L/min 
and Temp=25 C. 
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Figure 52 Adsorption-desorption curve for treated kaolin at fresh regeneration cycle. 
 
Figure 53 Adsorption-desorption curve for treated kaolin at first regeneration cycle. 
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Figure 54 Adsorption-desorption curve for treated kaolin at second regeneration cycle. 
 
Figure 55 Adsorption-desorption curve for treated kaolin at third regeneration cycle. 
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Figure 56 Adsorption-desorption curve for treated kaolin at fourth regeneration cycle. 
 
Figure 57 Adsorption-desorption curve for treated kaolin at fifth regeneration cycle. 
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Figure 58 Adsorption-desorption curve for treated kaolin at low humidity. 
 
Figure 59 Adsorption-desorption curve for treated kaolin at high humidity. 
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
0 10 20 30 40 50
C
 (
p
p
m
) 
t (min) 
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
0 10 20 30 40 50
C
 (
p
p
m
) 
t (min) 
` 
94 
 
 
Figure 60 Adsorption-desorption curve for treated kaolin at 5 C. 
 
Figure 61 Adsorption-desorption curve for treated kaolin at 15 C. 
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Figure 62 Adsorption-desorption curve for treated kaolin at 25 C. 
 
Figure 63 Adsorption-desorption curve for treated kaolin at 35 C. 
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Figure 64 Adsorption-desorption curve for treated kaolin at 50 C. 
 
Figure 65 Adsorption-desorption curve for treated kaolin at 60 C. 
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Figure 66 Adsorption-desorption curve for treated kaolin at 70 C. 
 
 
 
 
 
 
 
 
 
 
 
 
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
20000
0.00 5.00 10.00 15.00 20.00 25.00 30.00
C
 (
p
p
m
) 
t (min) 
` 
98 
 
Appendix C: Breakthrough curve analysis 
 
Table 10 Residence time calculations.  
t (s) 
C(t) 
g/cm3 E(t) 1/min t E(t) 
5714 890 
8.7063E-
05 0.497477 
5716 890 
8.7063E-
05 0.497651 
5718 890 
8.7063E-
05 0.497825 
5720 895 
8.7552E-
05 0.500797 
5722 890 
8.7063E-
05 0.498173 
5724 900 
8.8041E-
05 0.503947 
5726 900 
8.8041E-
05 0.504123 
5728 900 
8.8041E-
05 0.504299 
5730 900 
8.8041E-
05 0.504475 
5732 900 
8.8041E-
05 0.504651 
5734 900 
8.8041E-
05 0.504827 
5736 900 
8.8041E-
05 0.505003 
5738 900 
8.8041E-
05 0.505179 
5740 900 
8.8041E-
05 0.505355 
5742 900 
8.8041E-
05 0.505531 
5744 900 
8.8041E-
05 0.505708 
5746 900 
8.8041E-
05 0.505884 
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Table 11 Adsorption capacity calculations sample. 
t(min) C(t) 1-C(t)/C0 INTEGRATION tq  Capacity mmol/g 
0 0 1 0 0 
0.033333 0 1 0.033333333 0.011117053 
0.066667 0 1 0.066666667 0.022234106 
0.1 0 1 0.1 0.033351159 
0.133333 120 0.993586317 0.133226439 0.044432561 
0.166667 410 0.978086585 0.166087654 0.055392157 
0.2 820 0.956173169 0.198325316 0.066143791 
0.233333 1575 0.915820417 0.229525209 0.076549317 
0.266667 2605 0.860769642 0.259135044 0.08642454 
0.3 4000 0.786210583 0.286584714 0.095579323 
0.333333 5465 0.707910208 0.311486727 0.103884433 
0.366667 6995 0.626135756 0.333720827 0.111299762 
0.4 8155 0.564136825 0.353558703 0.117915924 
0.433333 9220 0.507215393 0.371414573 0.123871064 
0.466667 10090 0.460716195 0.387546766 0.129251337 
0.5 11105 0.40646713 0.401999822 0.134071598 
0.533333 11885 0.364778193 0.414853911 0.138358586 
0.566667 12550 0.329235703 0.426420809 0.14221628 
0.6 13165 0.29636558 0.436847497 0.145693702 
0.633333 13550 0.275788348 0.446383396 0.148874034 
0.666667 13995 0.252004276 0.455179939 0.151807784 
0.7 14330 0.234099412 0.463281668 0.154509804 
0.733333 14605 0.21940139 0.470840014 0.1570306 
0.766667 14825 0.207642972 0.47795742 0.159404337 
0.8 15000 0.198289685 0.484722965 0.161660725 
0.833333 15210 0.18706574 0.491145555 0.163802733 
0.866667 15420 0.175841796 0.497194014 0.165819964 
0.9 15570 0.167824693 0.502921789 0.167730244 
0.933333 15780 0.156600748 0.508328879 0.169533571 
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Appendix D: Experimental and dispersion model for CO2 adsorption. 
 
 
Figure 67 Experimental and dispersion model isotherm for CO2 adsorption (70 C). 
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